Gravin (AKAP12) is an A-kinase-anchoring-protein that scaffolds protein kinase A (PKA), β 2 -adrenergic receptor (β 2 -AR), protein phosphatase 2B and protein kinase C. Gravin facilitates β 2 -AR-dependent signal transduction through PKA to modulate cardiac excitation-contraction coupling and its removal positively affects cardiac contraction. Trabeculae from the right ventricles of gravin mutant (gravin-t/t) mice were employed for force determination. Simultaneously, corresponding intracellular Ca
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Gravin (AKAP12) is an A-kinase-anchoring-protein that scaffolds protein kinase A (PKA), β 2 -adrenergic receptor (β 2 -AR), protein phosphatase 2B and protein kinase C. Gravin facilitates β 2 -AR-dependent signal transduction through PKA to modulate cardiac excitation-contraction coupling and its removal positively affects cardiac contraction. Trabeculae from the right ventricles of gravin mutant (gravin-t/t) mice were employed for force determination. Simultaneously, corresponding intracellular Ca 2+ transient ([Ca 2+ ] i ) were measured.
Twitch force (T f )-interval relationship, [Ca

2+
] i -interval relationship, and the rate of decay of post-extrasysolic potentiation (R f ) were also obtained. Western blot analysis were performed to correlate sarcomeric protein expression with alterations in calcium cycling between the WT and gravin-t/t hearts. Gravin-t/t muscles had similar developed force compared to WT muscles despite having lower [Ca 2+ ] i at any given external Ca 2+ concentration ([Ca 2+ ] o ). The time to peak force and peak [Ca 2+ ] i were slower and the time to 75% relaxation was significantly prolonged in gravin-t/t muscles. Both T f -interval and [Ca 2+ ] i -interval relations were depressed in gravin-t/t muscles. R f , however, did not change. Furthermore, Western blot analysis revealed decreased ryanodine receptor (RyR2) phosphorylation in gravin-t/t hearts. Gravin-t/t cardiac muscle exhibits increased force development in responsiveness to Ca 2+ . The Ca 2+ cycling across the SR appears to be unaltered in gravint/t muscle. Our study suggests that gravin is an important component of cardiac contraction regulation via increasing myofilament sensitivity to calcium. Further elucidation of the mechanism can provide insights to role of gravin if any in the pathophysiology of impaired contractility.
Introduction
A-kinase anchoring proteins (AKAPs) are scaffolding proteins that complex protein kinase A (PKA) along with other signaling molecules and target them to specific subcellular locations thereby increasing the specificity and diversity of cellular signaling (Colledge and Scott, 1999) . So far fourteen AKAPs have been identified in the heart and studies have shown that disruption of AKAP/PKA interactions by the synthetic peptide Ht31 resulted in the altered distribution of PKA as well as augmentation of cell shortening in response to β-adrenergic receptor (β-AR) signaling. Interestingly, these changes were associated with a normal rate of Ca 2+ cycling, normal intracellular Ca 2+ transient amplitude and reduced PKA dependent phosphorylation of cardiac troponin I (cTnI) and cardiac myosin binding protein C (cMyBPC) (Fink et al., 2001; McConnell et al., 2009) . Gravin, also known as AKAP12, AKAP250 or SSeCKS, is highly expressed in the heart and targets a number of signaling molecules including PKA, protein kinase C (PKC), and protein phosphatase 2B (PP2B) to the β 2 -AR (Fan et al., 2001) . Additionally, it has been reported that β-AR agonist treatment strengthens the gravin/β 2 -AR interaction. Agonist stimulation of β-ARs enhances cardiac function, mainly through PKA-dependent phosphorylation of key components of the excitation-contraction (EC) coupling mechanism (Katz and Lorell, 2000) . In addition to facilitating PKA-dependent substrate phosphorylation, gravin also plays an important role in the desensitization/ resensitization cycle of the β 2 -AR (Shih et al., 1999) . Moreover knockdown of gravin expression has been shown to abrogate the recruitment of G-protein coupled receptor kinase 2 and β-arrestin, key proteins involved in β-AR desensitization (Lin et al., 2000; Shih et al., 1999) . Additionally, we have recently identified that both in the presence and absence of acute β-AR stimulation cardiac function is enhanced in mutant gravin-t/t mice (Guillory et al., 2013) . This increased cardiac function in gravin-t/t mice was coupled with reduced β 2 -AR phosphorylation. Gravin-t/t mice also exhibited increased phosphorylation of cMyBPC at Ser-273 (Guillory et al., 2013) , the key site for modulating cardiac function (Guggilam et al., 2013; Jin et al., 2013a) with no change in the phosphorylation levels of phospholamban (PLB), cTnI and two alternative phosphorylation sites of cMyBPC at Ser-282 and Ser-302 compared to the WT (Guillory et al., 2013) . These data suggests that absence of gravin enhances the cardiac contractility via the modulation of the β-AR pathway.
In this study, we measured force development and intracellular Ca 2+ ([Ca 2+ ] i ) simultaneously in isolated intact cardiac trabeculae from gravin mutant (gravin-t/t) mice. Our objective was to study cardiac contraction and intracellular Ca 2+ cycling in gravin-t/t mutant mice myocardium to better understand the functional importance of gravin and gain further insights into the molecular mechanisms for the enhanced cardiac function in gravin-t/t mice. Our results show that gravin-t/t muscles exhibited increased myofilament Ca 2+ responsiveness while maintaining their ability to reconstitute in terms of force development and Ca 2+ release from the sarcoplasmic reticulum (SR);
suggesting that gravin also functions as regulator of myofilament Ca 2+ sensitivity in addition to serving as a scaffolding protein and maybe involved in the modulation of the cardiac EC Coupling.
Materials and methods
Gravin mutant mice
Gravin mutant mice were produced using gene trap technology to remove the Akap12 (gravin) gene (NM_031185) (Guillory et al., 2013) . In brief, embryonic stem (ES) cells containing the gravin trapped vector were obtained from BayGenomics, microinjected into normal blastocysts and surgically implanted into foster mice at the University of Maryland School of Medicine Transgenic / Knockout Core Facility. The mutant gravin allele in these mice contained the gene trap vector that included a splice acceptor site immediately following exon 2, which causes early termination of the transcript. This mutant allele removes the remaining two 3′ exons (exon 3 and exon 4) and is predicted to encode from the amino-terminal to amino acid residue 89 of the 1684 residues from wild-type (WT) gravin, representing less than 6% of the full-length protein. Exons 1 and 2 of the mutant allele are expressed at WT levels. Protein chemical studies have demonstrated that this mutant allele produces less than 10% of the normal amount of gravin. Homozygous mice lacking functional gravin protein (designated gravin-t/t; where t refers to truncation) do not express the critical region required for β 2 -AR, PKA or PKC binding that are encoded by exon 3. WT mice and homozygous mutant gravin mice (gravin-t/t) are bred on a C57bl/6 background. For experimental studies, male gravin mutant mice aged 10-12 weeks were compared with WT mice.
Research animals were generated and used in compliance with 
Isolation of intact trabecular muscles
Trabeculae from the right ventricle of the hearts were dissected and mounted between a force transducer and a motor arm in a bath with a volume of 300 µl. The muscles were superfused with Krebs-Henseleit solution [K-H, (in mM) NaCl 120, NaHCO 3 20, KCl 5, MgCl 2 1.2, glucose 10, 0.5 CaCl 2 (gassed with 95% O 2 and 5% CO 2 mixture, pH 7.35-7.45)] at a rate of~10 ml/min and stimulated at 0.5 Hz at room temperature (21-22°C). Force was measured with a force transducer system (SI, Germany) and expressed in millinewtons per square millimeter (mN/mm 2 ). The muscles were stretched to a length at which unstimulated force reached~15% of total twitch force. This resting length corresponded to a sarcomere length of 2.2-2.3 µm (Gao et al., 1995) and was maintained throughout the experiments. Extracellular Ca ([Ca 2+ ] o ) was maintained at 0.5 mM during dissection and fura-2 loading (see below) and was increased to 1 mM during the execution of the experimental protocols. ] i was measured with the free acid form of fura-2 as described in our previous studies (Gao et al., 1998 (Gao et al., , 1999 Tan et al., 2009 ). Fura-2 potassium salt was microinjected iontophoretically into one cell and allowed to spread throughout the whole muscle (via gap junctions). The tip of the electrode (~0.2 µm in diameter) was filled with fura-2 salt (1 mM), and the remainder of the electrode was filled with 150 mM KCl. After a successful impalement into a superficial cell in the unstimulated muscle, a hyperpolarizing current of 5-10 nA was passed continuously for less than 10 min. As previously established, the loading does not affect force development. The epifluorescence of fura-2 was measured by exciting at 380 and 340 nm. The fluorescent light collected at 510 nm by a photomultiplier tube (R1527, Hamamatsu). [Ca 2+ ] i was given by the following equation (after subtraction of the autofluorescence):
Measurements of intracellular Ca
where R is the observed ratio of fluorescence (340/380), K (Gao et al., 1998) .
Immunoblotting
Immunoblot analysis was carried out as previously described using antibodies for GAPDH (Cell Signaling), SERCA2A (Cell Signaling), protein phosphatase inhibitor 1 (Santa Cruz Biotechnology), calsequestrin 2 (Pierce antibodies), L-type calcium channel (Santa Cruz Biotechnology) and sodium / calcium exchanger (Thermo Fisher Scientific) (McConnell et al., 2009 ). Crude heart homogenates or cytosolic fractions were resolved by SDS-PAGE gradient (4-12% Bis-Tris) gels, and transferred to polyvinylidine difluoride membranes. Blots were then incubated overnight at 4°C with primary antibodies. The blots were washed three times with TBS containing 0.1% Tween 20, and then probed with appropriate secondary antibodies (Cell Signaling). Blots were developed by an enhanced chemiluminescence kit (Pierce). NIH Image J was used for densitometric analysis of the immunoblots. In experiments showing the response to acute isoproterenol treatment, measurements by Western blot were obtained with and without isoproterenol infusion via the jugular vein (10 µg/g/min×3 -min), a β-AR agonist, or ascorbic acid (0.002%), a vehicle control.
Statistical Analysis
These data were analyzed by Student's t-test, one-way ANOVA and repeated two-way multivariate ANOVA (MANOVA) (Systat 10.2 or GraphPad Prism 5). A P-value < 0.05 was considered to indicate significant differences between groups. Unless otherwise indicated, data are expressed as mean ± S.E.M. ] o in WT and gravin-t/t muscles ( Fig. 2A-B) . However, [Ca 2+ ] i amplitudes were significantly lower in the gravin-t/t muscles at any given [Ca 2+ ] o , as compared to WT muscles. These findings were consistent with a lower SR Ca ] i were prolonged in gravin-t/t muscles. Although there were no changes in 50% relaxation, (Fig. 3A-D ), the initial relaxation (i.e. from peak to 75% of peak) was significantly slowed gravin-t/t muscles without changes in [Ca 2+ ] i relaxation times ( Fig. 3E & F . To further demonstrate this, the peak stress was plotted versus the peak [Ca 2+ ] i (Fig. 4A) . If we assume a linear relationship between peak force and peak [Ca 2+ ] i in both groups of muscles, this relationship is shifted leftward with a higher slope in gravin-t/t muscles. To check this point further, we plotted [Ca 2+ ] i vs. force over the entire trajectory of the twitch (i.e. phase-plane plot) (Fig. 4B ). As we have pointed out previously (Gao et al., 1995) (Gao et al., 1998) , in the phase-plane trajectory, the relaxation phase is determined by the intrinsic properties of the myofilaments and not Ca 2+ removal from the cytosol. Thus, a leftward shift of the relaxation trajectory indicates increased myofilament Ca 2+ responsiveness. To quantify the shift, we plotted the [Ca 2+ ] i at which 50% relaxation occurred from the phase-plane analysis (Fig. 4C) . Gravin-t/t muscles clearly had lower [Ca 2+ ] i levels indicating leftward shift of the relaxation trajectory. ] i to baseline levels (i.e. at baseline stimulation rate of 0.5 Hz) was rapid in both groups of muscles, suggesting fast rate of recovery of Ca 2+ release processes. Together, these results show that, while the amount of Ca 2+ load in the SR may be reduced, the rate of recovery of Ca 2+ release from the SR is not altered in gravin-t/t muscles. , is not altered in gravin-t/t muscles In muscles that contracted at a regular rate with stimulation at 0.2 Hz, introduction of a train of extra-stimuli, which causes extrasystoli, results in post-extrasystolic potentiations of the next beats after resuming at 0.2 Hz (inset of Fig. 6 ). The level of post-extrasystolic potentiation decays to the baseline in an exponential manner and is associated with decay of cytosolic free Ca 2+ (Wier and Yue, 1986) . The rate of decay, which can be determined from the linear relation between the amplitude of the contractions (n+1) and the amplitude of the preceding contractions (n), is commonly referred to as recirculation fraction (R f ) of Ca 2+ (Banijamali et al., 1991; ter Keurs et al., 1990; Ward et al., 2010) , which indicates the fraction of Ca 2+ taken up by the SR after the preceding release. We determined R f from both peak stress decay and peak [Ca 2+ ] i transient decay to investigate whether Ca 2+ movements across the SR are altered in gravin-t/t muscles (Fig. 6 ). R f , determined from either the relationships between the twitches or [Ca 2+ ] i transients, was similar in both groups of muscles, WT and gravin-t/t, suggesting that the fraction of Ca 2+ uptake by the SR is the same, thus SR Ca 2+ uptake is not altered in the gravin-t/t heart.
Results
Altered Response of Gravin-t/t Muscles to
Ca 2+ Related protein expression
The R f seen in Fig. 6 indicated that Ca 2+ uptake by the SR was unaltered in gravin-t/t muscles. Thus, we measured SERCA and IPP-1 phosphorylation to verify this assumption. SERCA is the main pump responsible for the reuptake of Ca 2+ from the cytosol into the sarcoplasmic reticulum, which facilitates relaxation of the cardiac muscle (Kranias and Hajjar, 2012b) . Western blot analysis showed that removal of gravin did not affect SERCA expression (Fig. 7A) ; where it remained equal between WT and gravin-t/t hearts. Since SERCA expression was unaltered, the next question was whether the activity of the pump was affected by gravin's absence. In order to answer this question, we measured PKA-dependent phosphorylation of IPP-1. IPP-1, when phosphorylated by PKA, inhibits protein phosphatase-1 (PP-1), which is primarily responsible for dephosphorylating key components of the EC coupling mechanism to attenuate contractility. Phospholamban (PLB) is a target of PP-1 and dephosphorylation of PLB results in the inhibition of SERCA to decrease Ca 2+ reuptake into the SR (Herzig and Neumann, 2000; Oliver and Shenolikar, 1998) . IPP-1 overexpression has been shown to augment cardiac function most likely by maintaining or increasing PLB phosphorylation to disinhibit SERCA (El-Armouche et al., 2003; Oliver and Shenolikar, 1998). We observed that basal IPP-1 phosphorylation and expression were unchanged in the absence of gravin (Fig. 7B) . To determine whether β-AR stimulation affected the expression or phosphorylation of proteins involved in Ca 2+ cycling, WT and gravin-t/t mice were infused with isoproterenol acutely. Isoproterenol treatment similarly increased IPP-1 phosphorylation in both WT and gravin-t/t hearts (P-value=0.0013) (Fig. 7B ). These data corroborates our earlier observations that Ca 2+ reuptake into the SR is unchanged in gravin-t/t mice. We further investigated if absence of gravin affects the expression of the key proteins involved in the EC coupling. One of the key proteins, L-type calcium channel plays an important role in modulating EC coupling (Kamp and Hell, 2000) . To assess the effect of absence of gravin on Ltype calcium channel we evaluated the expression profile of L-type calcium channel and found expression to be the similar between gravint/t and WT hearts (Fig. 7C) . It is well known that ryanodine receptor (RyR2) is a key component of the calcium regulation in cardiac myocytes and works in tandem with LTCC to regulate the calcium induced calcium release (CICR) to induced contraction. RyR2 when phosphorylated by PKA at serine 2808 increases the sensitivity to calcium leading to CICR. However, hyperphosphorylation of RyR2 by PKA at serine 2808 has also been implicated in leaky RyR2 calcium release leading to impaired contractility and heart failure. In our study, we found that the p-RyR2(S-2808) in the gravin-t/t mice hearts was significantly lower compared to that of the WT mice hearts (P-value=0.0394) (Fig. 7D) . To further evaluate whether gravin-t/t mice have altered SR Ca 2+ release, we measured cardiac CSQ2 protein expression in WT and gravin-t/t hearts. CSQ2 is a calcium binding protein that has a high capacity for calcium and is a part of the ryanodine receptor Ca 2+ release complex (Murphy et al., 2011) . Additionally, CSQ2 is thought to be involved in providing a readily releasable pool of Ca 2+ to facilitate cardiac contractility as it forms a multi-protein complex with triadin, junctin, and the ryanodine receptor (Scriven et al., 2000) and CSQ2 protein levels appear to be associated with both the level of the SR Ca 2+ store as well as the level of SR Ca 2+ release (Terentyev et al., 2003) . Western blot analysis did not reveal any differences in CSQ2 expression between WT and gravin-t/t hearts (Fig. 7E ). These data suggests that SR Ca 2+ release would be expected to be similar between untreated or isoproterenol treated WT and gravin-t/t mice. Finally, the NCX is one of the transport mechanisms through which the recycling of the Ca 2+ in cardiomyocytes is regulated.
No change in NCX expression was observed between the WT and gravint/t mice. This suggests that the possible involvement of NCX in Ca 2+ cycling, and thus contributing to the decreased Ca 2+ transients in gravint/t mice in both trabaculae muscles (this study) as well as cardiomyocytes (Guillory et al., 2013) , is unlikely (Fig. 7F) . ] i transients remained significantly lower in gravin-t/t muscles (P < 0.001; repeated MANOVA, n=8 in each group).
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Discussion
This study shows that (1) force development was similar in gravint/t muscles but the amplitudes of [Ca 2+ ] i transient were lower at almost any given external [Ca 2+ ]s and (2) gravin-t/t muscles had depressed stress-interval and [Ca 2+ ] i -interval relationships as compared to WT muscles, indicating a lower SR Ca 2+ content. Ca 2+ uptake by the SR appeared unaffected since R f , determined from the relation between consecutive beats after potentiation by extrasystoli remained unchanged. Additionally, (3) SERCA expression, CSQ2 expression, NCX expression and IPP-1 phosphorylation were unaltered in gravin-t/t hearts. This study demonstrates that, at baseline, gravin-t/t muscles have an increased myofilament response to Ca 2+ . Also in gravin-t/t, the SR Ca 2+ load may be reduced but the release process appears intact.
This gravin-t/t mouse model allows us to uniquely test the effect of acute β-AR stimulation on cardiac contractility in vivo the absence of ] i transient of trabecular muscles from WT and gravin-t/t mice. The time to peak stress (A) and [Ca 2+ ] i (B) was prolonged in gravin-t/t muscles (as determined by MANOVA) whereas the time to 50% relaxation of stress (C) and [Ca 2+ ] i (D) was not different between WT and gravin-t/t muscles. However, the initial relaxation time (time to 75% of peak) in twitch (E) was significantly slowed in gravin-t/t muscles (P < 0.01 repeated MANOVA) whereas the initial relaxation time (time to 75% of peak) in [Ca 2+ ] i (F) was not different between WT and gravin-t/t muscle. (n=8 in each group). European Journal of Pharmacology 807 (2017) 117-126 gravin binding to β 2 -AR, PKA and other signaling molecules. The absence of functional gravin in these mutant gravin-t/t mice was determined via RT-qPCR, immunohistochemistry (IHC) and Western blot (Guillory et al., 2013) . Our observations are also supported by the work of others (Havekes et al., 2012 ) who independently generated a gravin gene trap mouse model to identify the role of gravin in neuroplasticity. In this article, the authors have reported gravin expression to be less than 10% in their mutant mouse model, wherein this expression has been attributed to the presence of a different gravin isoform (gravin-β) that is not targeted to the plasma membrane (Havekes et al., 2012 ). An interesting observation in this study is that gravin-t/t muscles developed normal levels of stress despite having lower [Ca 2+ ] i transient. This finding suggests that the myofilament response to Ca 2+ is higher in gravin-t/t muscles, in the absence of receptor stimulation, than in WT muscles. This is a novel observation since, in isolated cardiomyocytes expressing Ht31, an inhibitory peptide that interrupts the binding of PKA to AKAP, none of the parameters for [Ca 2+ ] i transient and cell shortening were changed at baseline (Fink et al., 2001) . Also, when Ht31 was expressed in hearts in vivo, there were no changes in baseline LV ejection fraction, stroke volume or LV endsystolic pressure. Correspondingly, there were no differences in PKAdependent phosphorylation of the measured myofilament proteins between Ht31 and control hearts (McConnell et al., 2009 ). However, upon stimulation of Ht31 expressing hearts via isoproterenol infusion in vivo, cardiac function, measured by LV ejection fraction and stroke volume, was increased. This increased cardiac function of isoproterenol-stimulated Ht31 expressing hearts, versus isoproterenol-stimulated control hearts, was in part attributed to decreased PKA-dependent phosphorylation of cMyBPC and cTnI, and/or the existence of truncated cTnI (Fink et al., 2001; McConnell et al., 2009 At short test intervals ( < 5 s), stress recovered quickly, followed by a slower rise in both groups of muscles. At intervals greater than 60 s, stress started to decline. Gravint/t muscle also had lower stress at rest intervals greater than 10 s ] o =1.0 mM. European Journal of Pharmacology 807 (2017) 117-126 in gravin-t/t muscles, as we previously reported in isolated cardiomyocytes, in which higher contraction were reported (Guillory et al., 2013) . The discrepancy in contraction between the two studies was likely due to differences in magnitudes of intracellular Ca 2+ transients under different experimental conditions (such as temperature, stimulation rate, and extracellular Ca 2+ , etc.), and nevertheless is quantitative in nature. The cellular mechanism for the decreased [Ca 2+ ] i transients may be due to decreased SR release channel function or a lower SR Ca 2+ content. Force-interval relationships were often employed to further investigate the relative roles of SR Ca 2+ release channel function and SR Ca 2+ content in controlling force (Schouten et al., 1987; ter Keurs et al., 1990) . In this study, we not only obtained stressinterval relations but also [Ca 2+ ] i -interval relations to get direct evidence of Ca 2+ cycling across the SR. Like the force-interval relationship, the [Ca 2+ ] i -interval relation also has three phases: early recovery, rest potentiation, and rest depression. The early recovery of force is dependent on the recovery of SR Ca 2+ release channel (Banijamali et al., 1991) , and therefore likely reflects the overall function of the SR Ca 2+ release channel. The similar rate of recovery of [Ca 2+ ] i transient during shorter intervals < 5 s would suggest that the function of SR Ca 2+ release channel is not altered in gravin-t/t myocardium.
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On the other hand, gravin-t/t muscles showed smaller rest-potentiation (i.e. at test intervals 10-60 s), which is often associated with lower SR Ca 2+ accumulation/content. However, this decreased SR Ca (re) uptake by the SR (i.e. R f remained the same as in WT) in gravin-t/t muscles. This indicates that processes involved in the movement of Ca 2+ out of the cytosol, such as SERCA and/or sarcolemmal NCX, are independent of gravin modulation under normal conditions. This was further confirmed by Western blot analysis, which showed that the expression of SERCA and NCX was similar in gravin-t/t as well as WT hearts. Of note, the differences in R f measured from [Ca 2+ ] i decay and that measured from force decay is likely due to the non-linear relationship between Ca 2+ and force during contractions.
In the cardiomyocytes, stimulation of the β-adrenergic signaling pathway activates PKA, which phosphorylates a number of substrates involved in cardiac contraction. In Ht31 over-expressed cardiomyocytes, baseline contractility remained unaltered but treatment with isoproterenol resulted in similar magnitudes of changes in WT and Ht31 overexpressed cardiomyocytes (Fink et al., 2001 ). However, there was greater cell shortening in the Ht31 over-expressed cardiomyocytes. Additionally, LV ejection fraction and stroke volume were significantly increased in Ht31 over-expressed hearts following isoproterenol treatment (McConnell et al., 2009) . Furthermore, we have recently shown that the cardiac function is enhanced in gravin-t/t mice in vivo, both in the presence and absence of acute β-AR stimulation (Guillory et al., 2013) . In this study, Guillory et al. reports that disruption of gravin's scaffold mediated signaling increases baseline cardiac function and augments contractility in response to acute β-AR stimulation by decreasing β 2 -AR phosphorylation; where β 2 -AR phosphorylation has been shown to lead to receptor desensitization. However, we did not observe any differences in PLB or cTnI phosphorylation, either with or without acute β-AR stimulation, between WT and gravin-t/t hearts (Guillory et al., 2013) . Instead, we observed significantly increased cMyBPC phosphorylation at position 273 in gravin-t/t hearts in the absence of acute β-AR stimulation (Guillory et al., 2013) ; where the phosphorylation of cMyBPC at Ser-273 is required for modulating cardiac function (Guggilam et al., 2013; Jin et al., 2013b) . Furthermore, this increased phosphorylation of cMyPBC at Ser-273 may be responsible for the increased cardiac function observed in gravin-t/t mice that we reported in Guillory et al. (2013) ; since other studies have shown that increased cMyBPC phosphorylation augments actin-myosin interaction, resulting in enhanced cycling rate of the crossbridges (Flashman et al., 2004; Stelzer et al., 2006; Tong et al., 2008) . Also, we observed significantly increased Hsp20 phosphorylation in gravin-t/t hearts in the presence of acute β-AR stimulation (Guillory et al., 2013) ; where the phosphorylation of Hsp20 is beneficial to the myocardium (Edwards et al., 2012) . Therefore, these results together suggest that the increased cardiac function in gravin-t/t mice may be attributed to the phosphorylation of cMyBPC and Hsp20. Thus, these explanations may account for the observed differences in contractile function in trabeculae muscles versus in vivo, between WT and gravin-t/ t. Calcium induced calcium release (CICR) is one of the most important steps in the initiation of excitation contraction coupling which eventually brings about the contraction of the heart. L-type calcium channel causes an influx of Ca 2+ upon membrane depolarization, which further initiates the calcium release from sarcoplasmic reticulum via ryanodine receptors (Bodi et al., 2005) . Studies have shown that reduction in the activity of the L-type calcium channel is associated with heart failure (Goonasekera et al., 2012) . Thus, there is a strong association between L-type calcium channel, Ca 2+ regulation and cardiac contractility. Ablation of gravin did not affect the expression of the L-type calcium channel compared to the WT mice indicating that Ca 2+ modulation via the L-type calcium channel remains unaffected in the gravin-t/t mice. The phosphorylation levels of RyR2 at serine 2808 were significantly reduced in the gravin-t/t mice compared to WT mice hearts. RyR2 when phosphorylated by PKA brings about the CICR resulting in contraction. Increased phosphorylation by PKA at this site however is associated with aberrant calcium regulation resulting in impaired contractility and heart failure (Sarma et al., Fig. 7 . Ca 2+ -related protein expression. Western blot analysis of (A) sarcoplasmic reticulum Ca 2+ -ATPase (SERCA), (B) protein phosphatase-1 inhibitor-1 (IPP-1) following acute vehicle (ascorbic acid; 0.002%) or ISO infusion (10 µg/g/min), (C) L-type calcium channel (CP α1C), (D) ryanodine receptor (RyR2), (E) calsequestrin (CSQ2), and (F) sodium / calcium exchanger (NCX) in heart homogenates from WT and gravin-t/t mice. (Lane 1: WT (vehicle); Lane 2: WT (ISO); Lane 3: gravin-t/t (vehicle); Lane 4: gravin-t/t (ISO)). The bar graphs show the ratio of phosphorylated (phospho) to total protein or target protein to GAPDH. All lanes of a specific protein were detected on the same blot and a vertical line indicates where the blots are not contiguous. Data are expressed as the mean ± S.E.M.; n=4 to 6 samples; *P < 0.05 vs. baseline of same phenotype. 2010). Though there are contradicting studies about the extent of involvement of phosphorylation of RyR2 at S2802 in heart failure and aberrant contractility, the importance of RyR2 in modulating calcium homeostasis in cardiomyocytes and excitation contraction coupling cannot be refuted (Dobrev and Wehrens, 2014; Houser, 2014) . Sarma et al. (2010) showed that inhibition of RyR2 phosphorylation by PKA resulted in decreased SR Ca 2+ lead in mdx mice which suffer from altered calcium intracellular calcium homeostasis. Decreased phosphorylation of RyR2 in gravin t/t mice could be the driving factor for the increased myofilament sensitivity and decreased SR calcium load. The exact mechanism of this however needs to be further explored. The SERCA is a pivotal protein in the modulation of both cardiac contractility and relaxation, as its removal of Ca 2+ from the cytosol into the SR facilitates relaxation and its increased SR Ca 2+ content, together, results in the augmentation of subsequent contractions (Kranias and Hajjar, 2012a) . Alterations in SERCA expression in turn alter Ca 2+ homeostasis, which translates into modification of cardiac contractility and relaxation. Additionally, mice with reduced SERCA expression develop heart failure more rapidly compared to WT mice while overexpression of SERCA enhances cardiac function (Baker et al., 1998; He et al., 1997; Schultz Jel et al., 2004) . Our study shows that the absence of gravin does not affect SERCA expression. IPP-1 can be phosphorylated by both PKA and PKC but PKA phosphorylation of IPP-1 activates the protein, which then inactivates PP-1. PP-1 dephosphorylates many proteins involved in EC coupling including PLB, the inhibitor of SERCA (Herzig and Neumann, 2000; Oliver and Shenolikar, 1998) . IPP-1 null mice have been shown to have decreased cardiac function, increased protein phosphatase-1 activity and decreased PLB phosphorylation (Carr et al., 2002; El-Armouche et al., 2003) . Conversely, IPP-1 overexpression results in the augmentation of cardiac function even in the absence of β-adrenergic receptor stimulation (El-Armouche et al., 2003) . Thus, PKA mediated phosphorylation of IPP-1 is an important positive modulator of cardiac function. The absence of gravin did not affect IPP-1 expression, in the absence or presence of acute isoproterenol treatment, suggesting that PLB phosphorylation remains unaffected as well, which we have also shown previously (Guillory et al., 2013) . This maintenance of PLB phosphorylation enhances the activity of SERCA resulting in the increase of Ca 2+ uptake into the SR and the facilitation of cardiac relaxation and contraction. Calsequestrin (CSQ2) is another important component of the EC coupling mechanism. CSQ2 can be found tethered to the ryanodine receptor complex along with junctin and triadin (Scriven et al., 2000) and can have a profound effect upon cardiac function. We observed that, similar to SERCA expression and IPP-1 phosphorylation, basal CSQ2 expression was comparable between WT and gravin-t/ t mice. Thus except RyR2, other proteins involved in calcium regulation were unchanged and the exact mechanism of decreased phosphorylation of RyR2 in increased myofilaments sensitivity and decreased calcium load in gravin t/t mice needs to be further explored.
Conclusions
In conclusion, gravin-t/t muscle exhibited increased myofilament responsiveness to Ca 2+ . However, the mechanism for the increased 
